Innate lymphoid cells (ILCs) are involved in immune responses to microbes and various stressed cells, such as tumor cells. They include group 1 [such as natural killer (NK) cells and ILC1], group 2, and group 3 ILCs. Besides their capacity to respond to cytokines, ILCs detect their targets through a series of cell surface-activating receptors recognizing microbial and nonmicrobial ligands. The nature of some of these ligands remains unclear, limiting our understanding of ILC biology. We focused on NKp46, which is highly conserved in mammals and expressed by all mature NK cells and subsets of ILC1 and ILC3. We show here that NKp46 binds to a soluble plasma glycoprotein, the complement factor P (CFP; properdin), the only known positive regulator of the alternative complement pathway. Consistent with the selective predisposition of patients lacking CFP to lethal Neisseria meningitidis (Nm) infections, NKp46 and group 1 ILCs bearing this receptor were found to be required for mice to survive Nm infection. Moreover, the beneficial effects of CFP treatment for Nm infection were dependent on NKp46 and group 1 NKp46 + ILCs. Thus, group 1 NKp46 + ILCs interact with the complement pathway, via NKp46, revealing a cross-talk between two partners of innate immunity in the response to an invasive bacterial infection.
INTRODUCTION
Innate lymphoid cells (ILCs) comprise various types of lymphocytes lacking rearranged antigen-specific receptors (1, 2) . Natural killer (NK) cells are cytotoxic ILCs that have been originally described as being capable to kill tumor cells without any previous antigen-specific activation. NK cells also participate in the clearance of microbial infection through their cytotoxic properties and cytokine secretion such as the production of interferon- (IFN-) (3) . NK cells can also act as regulatory cells and contribute to shaping adaptive immune responses by acting on macrophages, dendritic cells, and T cells (3) .
NK cell effector activities are tightly controlled by a fine balance of inhibitory and activating signals delivered by surface receptors (4, 5) . Inhibitory receptors gauge the absence or the decrease in constitutively expressed major histocompatibility complex class I (MHC-I) self-molecules on target cells. A decrease in MHC-I expression reduces the strength of inhibitory signals delivered to NK cells, rendering them more prone to be activated (6) (7) (8) . NK cell activation results from the engagement of an array of activating receptors, such as the activating isoforms of Ly49 and KIRs (killer cell immunoglobulin-like receptors), the natural cytotoxicity receptors (NCRs), the SLAM (signaling lymphocyte activating molecule)-related receptors, NKG2D, and CD16 (9, 10) . The NCR group is composed of three molecules: NKp30 (NCR3, CD337) and NKp44 (NCR2, CD336) in humans and NKp46 (NCR1, CD335), which is highly conserved in mammals (11) . NKp46 is mainly expressed by NK cells and ILC1, except for a small population of T lymphocytes and a subset of ILC3 (NCR + ILC3) in mucosa (12) (13) (14) . Activating receptors can recognize two types of ligands: selfmolecules whose expression is induced upon cellular stress or exogenous molecules produced by microbes during infections (15, 16) . For example, NCRs have been described to bind several but not all hemagglutinin and hemagglutinin neuraminidases of the influenza, Sendai, Newcastle disease, ectromelia, and vaccinia viruses. NKp46 could also recognize PfEMP1 of Plasmodium falciparum, an unknown ligand from Fusobacterium nucleatum, and adhesins from Candida glabrata (16) (17) (18) (19) . Besides the finding that the cell surface transmembrane protein B7-H6 is a ligand for NKp30 (20) and that the three NCRs can bind to different heparan sulfate sequences (21) (22) (23) , the identification of nonmicrobial ligands for NCRs remains to be completed (16) . Along this line, it has been described that NKp30 recognizes the nucleic factor human leukocyte antigen-B-associated transcript BAT3 that can be expressed in the cytoplasm of tumor and apoptotic cells. Similarly, NKp44 can recognize the proliferating cell nuclear antigen and the mixed-lineage leukemia protein 5-related NKp44L, which are normally expressed in the nucleus of healthy cells but can be found in the cytoplasm of tumors cells (24) . NKp46 has been described to bind the intracellular filamentous cytoskeletal protein vimentin expressed on the surface of Mycobacterium tuberculosis-infected monocytes (25) . Notably, it has been reported that NKp46 could recognize a surface protein on healthy pancreatic  cells (26) , but this cellular ligand still awaits identification. The knowledge of the function of NKp46 is key to understanding the biology of three major ILC subsets. We therefore developed a strategy to identify cellular ligands of NKp46 in the absence of microbial infection.
RESULTS

Identification of NKp46 ligand candidates
We used a high-affinity screening system based on interleukin-2 (IL-2) secretion by a DO11.10 mouse T cell reporter engineered to express a chimeric cell surface receptor consisting of the extracellular domains of either human or mouse NKp46 fused to mouse CD3 (HuDOMsp46 and MoDOMsp46 cells, respectively). Using the same strategy, we also generated a DOMsp30 reporter cell expressing the extracytoplasmic domain of NKp30 fused to mouse CD3 as a control (20) . Sv40 (Simian virus 40)-transformed mouse embryonic B12 fibroblasts expressed a ligand for NKp46 because (i) B12 cells induced IL-2 production by both human and mouse DOMsp46 reporter cells but not by DOMsp30 or parental control DO11.10 cells and (ii) DOMsp46 activation by B12 cells was blocked by anti-NKp46 monoclonal antibodies (mAbs) and reliable NKp46-Fc fusion molecules (Fig. 1, A to C, and  fig. S1 ) but not by anti-NKp30 mAbs and NKp30-Fc or MICA-Fc fusion molecules ( fig. S2 ). We sought to characterize the ligands for NKp46 expressed by B12 tumor cells by generating mAbs against B12 cells and assessing their capacity to interfere with the B12 cell-mediated activation of DOMsp46 cells. The 27A1.7 mAb stained the surface B12 cells and partially blocked DOMsp46 activation by B12 cells, suggesting that it might recognize a ligand for NKp46 (Fig. 1D and fig. S3A ). Mass spectrometry revealed the presence of only two molecules in the material immunoabsorbed by 27A1 mAbs: the junctional adhesion molecule JAM1 and the complement factor P (CFP).
CFP binds to NKp46
Surface plasmon resonance (SPR) experiments showed that the binding of B12 cell lysates to a 27A1.7 mAb-coated biosensor was inhibited by anti-JAM1 mAb and that JAM1-Fc bound to the 27A1.7 mAb-coated biosensor, demonstrating the specificity of 27A1.7 mAb for JAM1 ( fig. S3 , B and C). We thus knocked down JAM1 expression in B12 cells with the clustered regularly interspaced short palindromic repeat/ caspase 9 (CRISPR/Cas9) system and showed that this abolished the binding of the 27A1.7 mAb to B12 cells ( fig. S3D ). We then directly assessed the interaction of JAM1 with NKp46 by SPR ( fig. S3E ). We observed no direct interaction between JAM1-Fc and NKp46-Fc.
CFP, also known as properdin, is a plasma glycoprotein produced by many different leukocyte subsets, including neutrophils, monocytes, and T cells (27) . It is the only positive regulator of the alternative complement pathway identified so far and stabilizes the C3 and C5 convertases (27) . We detected binding between serumpurified human CFP and human NKp46-Fc but no binding to the control NKp30-Fc ( Fig. 2A) or to the 27A1.7 mAb. These data suggest that 27A1.7 binds to a larger molecular complex containing CFP. This binding could occur via JAM1 if it is part of this molecular complex. Irrespective of this possibility, we next focused on the interaction between CFP and NKp46. We also generated recombinant human and mouse HIS-tagged CFP proteins ( fig. S4 ), and SPR experiments with various concentrations of recombinant CFP revealed similar patterns of avidity for human and mouse NKp46-Fc, and a lack of binding to NKp30-Fc-coated biosensors (Fig. 2B and  table S1 ). Notably, because native CFP is described to be naturally present in serum as oligomers assembled into dimers (P2), trimers (P3), and tetramers (P4), we confirmed the binding of dimeric and tetrameric purified CFP fractions to NKp46-Fc-coated biosensors ( fig. S5) . We also performed a flow cytometry assay, in which NCR-Fc molecules were covalently bound to beads and incubated with HIStagged CFP proteins (Fig. 2 , C to G). We observed cross-species interactions of NKp46-Fc with CFP, as recombinant human CFP bound both human and mouse NKp46-Fc, and mouse CFP bound both human and mouse NKp46-Fc, albeit not to the same extent (Fig. 2, C to E) . These results are consistent with the strong conservation of both NKp46 and CFP across mammals, with high levels of identity (62% for NKp46 and 77% for CFP) for their amino acid sequences between humans and mice. The NKp30-Fc control molecule did not interact with CFP in this assay. A dose-dependent response was observed for CFP binding to NKp46 over the physiological range of CFP concentrations (5 to 50 g/ml) (Fig. 2F) . The CFP-NKp46 interaction was inhibited by anti-NKp46 blocking mAbs (Fig. 2G) . Thus, serum-purified and recombinant CFP can bind to recombinant NKp46-Fc fusion molecules. Using the available tools, we were unable to detect the surface expression of CFP or soluble CFP released from B12 cells. Nevertheless, we assessed and observed Cfp mRNA expression in B12 cells by reverse transcription quantitative polymerase chain reaction (PCR) through comparisons with two other embryonic mouse fibroblast cell lines: 2sv and NIH-3T3 ( fig. S6A ). In addition, polyclonal antibodies (pAbs) against CFP partially blocked NKp46 reporter cell activation against B12 cells ( fig. S6B ). CRISPR/Cas9-mediated silencing of Cfp in B12 cells resulted in the mutated B12 cells being unable to activate DOMsp46 reporters (Fig. 3) , completing our demonstration of CFP acting as a ligand for NKp46.
CFP binds to NKp46-expressing cells
We then assessed the binding of recombinant CFP to cell surface NKp46. We found that CFP bound to human and mouse NKp46-expressing DOMsp cells (HuDOMsp46 and MoDOMsp46 cells) but (Fig. 4A) . CFP also bound to human KHYG1-NKp46 NK cells genetically modified to express large amounts of NKp46 but not to the parental KHYG1 cells, which express only small amounts of NKp46 (Fig. 4B ).
In addition, we detected the binding of CFP to human IL-2-activated NKp46 + bulk NK cells but not to T cells present in the same cell preparations (Fig. 4C and fig. S7 ). Thus, both primary NKp46 + cells and cells engineered to express NKp46 bind soluble CFP.
CFP does not induce classical NK cell activation
Prototypical NK cell-activating receptors, such as NKG2D and NKp30, trigger NK cells when they bind to their ligands (28) . By contrast, we could not detect NK cell activation after CFP stimulation, as assessed by measuring the expression of CD107, as a marker of cell degranulation, or IFN- secretion ( fig. S8 ). Using RNA sequencing, we observed up-regulation of Ifng and Ccl3 transcripts in freshly isolated NK cells stimulated with anti-NKp46 mAbs, as expected, but not with CFP (Fig. 5A) . The only genes up-regulated upon both anti-NKp46 and CFP stimulations were Fosb encoding a leucine zipper protein and Xcl1 encoding the lymphotactin chemokine ( Fig. 5A and tables S2 and S3). Global analysis revealed a stimulation of several pathways involved in cell metabolism, signal transduction, transport, and transcription upon anti-NKp46 mAb treatment ( Fig. 5B and table S2 ), as expected. A very different pattern of regulation was observed upon CFP treatment ( Fig. 5 and table S3), with several pathways being down-regulated in this condition. Therefore, CFP acts as a ligand for NKp46 but initiates a transduction pathway on NK cells, which is distinct from the canonical pathway induced by anti-NKp46 mAbs.
NKp46
+ ILCs and NKp46 are required for mouse survival to Neisseria meningitidis invasive bacterial infection CFP deficiency is associated almost exclusively with severe Neisseria meningitidis (Nm) infections in humans, highlighting the key role of this molecule in defense against such infections (29) . Nm is a 
Supernatants Lysates CTLL2 survival (a.u. ×10 Gram-negative, aerobic, encapsulated diplococcus that causes invasive meningococcal disease, with meningitis and septicemia, an emerging public health problem (30) (31) (32) . Numerous Nm serogroups have been defined on the basis of their capsular polysaccharide antigens, including six (A, B, C, W135, X, and Y) that can cause epidemics.
We investigated the biological relevance of CFP-NKp46 interaction in vivo during invasive Nm infection in mice using the serogroup B MC58 strain. We assessed the requirement of NKp46 + cells for survival upon Nm infection using Ncr1-iCre mice crossed with R26 lslDTA/+ mice, which are essentially devoid of NKp46 + cells (33) . Mice without NKp46 + cells were more susceptible to Nm infection than their control littermates and were less able to clear bloodborne Nm ( 
NKp46 recognizes serum-opsonized Nm and is required for mice survival to Nm infection
We then investigated whether NKp46 itself was involved in the mechanisms controlling Nm infection. NKp46-deficient mice were more susceptible to Nm infection than their control littermates after the delivery of moderate doses of inoculum, and they died significantly sooner after challenge with high doses of Nm (Fig. 6E) . The lack of Nm control was associated with higher bacterial load in the blood of Ncr1 GFP/GFP mice than in control mice (Fig. 6F ). These results demonstrate the dependence on NKp46 expression for the protective immunity during Nm infection.
We further dissected the mechanisms involved in this NKp46-dependent pathway controlling Nm infection by investigating whether NKp46 could bind Nm. Soluble NKp46-Fc proteins did not directly bind to Nm bacteria, similarly to NKp30-Fc (Fig. 7A) . Because Nm is an extracellular bacterium targeted by CFP in vivo, we assessed the binding of NKp46-Fc proteins on Nm opsonized by CFP using serum. We detected NKp46-Fc binding on serum-opsonized Nm Flow cytometry-sorted NK cells from C57BL/6 mice were stimulated for 4 hours with MoCFP-HIS precomplexed with an anti-HIS tag antibody-coated plates or with anti-NKp46 mAbs or isotype mAbs. We then extracted and sequenced mRNA from the cells. (A) Scatterplot of differential expression analyzed by DESeq2. Genes displaying significantly higher (pink) or lower (blue) levels of expression after stimulation with anti-NKp46 mAb or CFP stimulation than after incubation with the isotype control are displayed. The log 2 fold change for each gene is shown in the y axis, and the total number of counts recorded for the gene is shown in the x axis. (B) Gene Ontology (GO) terms associated with differentially expressed genes are shown.
but not with control NKp30-Fc molecules (Fig. 7A ). This binding signal was lost if the bacteria were opsonized with CFP-depleted serum (Fig. 7, B and C) . These results suggest that NKp46 confers to group 1 ILCs the possibility to interact with Nm via CFP. Together with the critical role of CFP in defense against Nm, these data are consistent with a role for interaction between NKp46 and CFP in the control of this invasive bacterial infection by NKp46 + ILCs.
Primary NKp46 + ILCs participate in the therapeutic benefit of CFP delivery for Nm bacterial control in vivo
We thus investigated whether NKp46 + ILCs and NKp46 were required for the protective role of CFP during Nm infection. As shown previously (35) , treatment with exogenous CFP protected wild-type (WT) mice from Nm infection, where bacteremia was 16 and 84% lower in CFP-treated mice than in the untreated group 24 and 48 hours after infection, respectively (Fig. 8, A to D) . By contrast, CFP treatment failed to induce Nm clearance from the blood in surviving anti-NK1.1 mAb-treated mice (Fig. 8, B to D) . Moreover, the CFP treatment of Ncr1 GFP/GFP NKp46-deficient mice resulted in a much reduced clearance of bacteria from the blood than for the control group (4 and 28% versus 49 and 100% at 24 and 48 hours after infection, respectively) ( Fig. 8, E to H) . Indeed, NKp46-deficient mice still presented septicemia 48 hours after infection. Nevertheless, CFP delivery in this setting was sufficient to rescue NKp46-deficient mice from death ( fig. S11) , showing that there are NKp46-independent functions of CFP, a finding that is not unexpected. Nonetheless, the therapeutic effects of recombinant CFP delivery for decreasing Nm bacteremia were dependent on NKp46 and NKp46 + ILCs.
DISCUSSION
We have shown here that CFP is a ligand for the NCR NKp46. Consistent with this finding, NKp46 was critical during meningococcal infection, a disease in which CFP is required for survival. The high incidence of fulminant Nm infections characteristic of CFP-deficient patients contrasts with the lack of mortality in patients with late complement pathway defects [i.e., membrane attack complex (MAC) deficiencies] (36). These results suggest that control of Nm infection depends on CFP and not on MAC. The CFP-and NKp46-dependent pathway responsible for controlling Nm infection, which we revealed here, may be involved in this MAC-independent function of CFP during Nm infections. Our data showed that CFP binds to NKp46. Nevertheless, several results remained unexplained. During our screening assay, we were able to detect NKp46 reporter cell activation only when cocultured with B12 cells but not with mycoplasma-free cell lines previously described as expressing an NKp46 ligand, such as the mouse lymphoma YAC-1, the mouse thymoma BW1502, the human melanoma M14, or the EBV-transformed human B cell line (37). We did not detect CFP staining at the surface of B12 cells, but Cfp gene silencing abrogated NKp46 reporter cell activation. Last, CFP stimulation did not induce the canonical NK cell activation pathway as compared with antiNKp46 mAb stimulation that induces, for instance, IFN- and CCL3 secretion. However, both anti-NKp46 mAbs and CFP stimulations of NK cells lead to the up-regulation of the transcripts encoding the chemokine Xcl1. Beside its role as a ligand for the XCR1 receptor associated with dendritic cells mediating antigen cross-presentation (38), XCL1 exhibits a broad-spectrum antibacterial activity by causing bacterial membrane disruption in vitro (39, 40) . Thus, the importance of XCL1 production and the protective NKp46 + ILCs effector functions during Nm infection need further investigations.
The absence of NK cell activation upon treatment with purified recombinant CFP in vitro also suggests that the interaction of CFP with NKp46 may require additional signals to trigger NKp46 + ILC activation. This possibility is supported by the requirement of NKp46 coengagement with other activating receptors, such as NKG2D, 2B4 (CD244), DNAM-1 (CD226), or CD2 to induce full NK cell activation (41) . Along this line, by stimulating the C3 convertase activity, CFP leads to the formation of iC3b, which can interact with both CR3 (CD11b/CD18; expressed on both NK cells and ILC1s) and CR4 (CD11c/CD18; expressed on NK cells). Similar to the requirement of MD2 for signal transduction downstream of the interaction between lipopolysaccharide and Toll-like receptor 4 (42), heparan sulfate glycosaminoglycans (GAGs) may also participate in a CFPcontaining molecular complex that could activate NK cells via NKp46 because GAGs have been shown to interact with both NKp46 (43) and CFP (44) . Furthermore, it is notable that NKp46 has been shown to physically interact with CD59, an inhibitor of the MAC (45). Thus, our results encourage investigating the interactions between the complement pathway and the biology of group 1 ILCs.
In addition to its role in controlling Nm infection, it has been reported that CFP can also act as a soluble pattern recognition molecule that binds to several other pathogens and apoptotic and necrotic stressed cells (46) . These interactions, which remain to be defined molecularly, have been proposed to confer to CFP the possibility to contribute to the elimination of target cells not only by complement activation but also by acting as an opsonin promoting target cell clearance by phagocytes in the absence of complement activation (46) . Together with our data, these findings suggest that CFP might contribute to the detection of an array of microbes and cells in distress by ILCs via NKp46. There are also multiple conditions in which CFP participates in host defense, in inflammatory disorders, and in autoimmune diseases, although the molecular underlying mechanisms remain unknown (46) . Studies characterizing the cross-talk between NKp46 + ILCs and CFP are therefore of broader interest, extending beyond immunity to Nm infection. Notably, NK cell lymphopenia is associated with increased incidence of invasive bacterial infections and granulomas in patients with common variable immunodeficiency (47) . It also remains to be determined whether the reported binding of NKp46 to multiple ligands, including several microbial components (19) , involves CFP, which is present in serum and has a propensity to interact with various microbial products. In conclusion, this report shows that CFP binds to human and mouse NKp46 and that NKp46 + group 1 ILCs are required for mice to survive Nm infection, a disease to which CFP-deficient patients are highly susceptible.
MATERIALS AND METHODS
Study design
In most experimental designs, we wanted to compare two (or more) genotypes (first factor) at different time points or under different conditions (second factor). A two-way analysis of variance (ANOVA) was thus the most appropriate analysis method. However, because the genotype effect term was the one of interest, sample estimation was done on the basis of one-way ANOVA. Sample size estimation hypotheses were as follows: two levels for genotype factor, significance level of 5%, power of 80%, and effect size to demonstrate of 1. With these hypotheses, 5.09 mice were needed by genotype and condition (time point or other). In other experimental designs, we wanted to compare two (or more) groups. A one-way ANOVA was thus the most appropriate analysis method. Sample size estimation hypotheses were as follows: two levels for genotype factor, significance level of 5%, power of 80%, and effect size to demonstrate of 1. With these hypotheses, 5.09 mice were needed. The data meet the assumptions of the tests except for Fig. 6  (D and H) at 48 hours, so we applied a nonparametric Mann-Whitney test. Except also for Fig. 1D , we applied a nonparametric one-way ANOVA, that is, Kruskal-Wallis test followed by Dunn's multiple comparisons. Variances were similar according to the Brown-Forsythe test and Bartlett test. Statistical significance was determined by oneway ANOVA followed by Dunn's test and two-way ANOVA with Bonferroni or Dunnett correction, as indicated. Unpaired t test was performed in fig. S6 . Kaplan-Meier curves were used to analyze mouse survival. Significance was calculated by a dose-stratified logrank test. No randomization was performed. No blinding was performed. However, age-and sex-matched litters were used as controls and indicated as such in the figure legends. All animals and samples were included and shown in the figures, as mentioned in the figure legends. No outlier was excluded.
DOMs screening system
The DOMsp30 and DOMsp46 reporter cell lines were generated in a previous study (48) . The MoDOMsp46 cells used here were generated in a similar manner. Binding to the chimeric proteins at the surface of these cells triggers IL-2 secretion. We incubated 30,000 cells per well in 96-well plates with tumor targets [effector/target (E:T) ratio of 1:1 to 1:3]. After 20 hours of incubation, we assessed the levels of mouse IL-2 in the cell supernatant, in a standard CTLL-2 survival assay (CellTiter-Glo Luminescent Cell Viability Assay, Promega). S. Jonjic (University of Rijeka) provided the B12 cells. A. Moretta (University of Genoa) provided anti-HuNKp46 BAB281 mAb hybridoma. W. Song (University of Pennsylvania) provided antiMoCFP pAbs. All cell lines were mycoplasma-free.
NCR-Fc and CFP-HIS fusion proteins
For NCR-Fc fusion proteins, the sequences encoding the extracellular portion of the mouse NKp46 (accession no. A0A0R4IZY7; amino acid 17Q-255N), human NKp46 (accession no. O76036; amino acid 22Q-255N), and NKp30 (accession no. O14931; amino acid 19L-138T) proteins were amplified by PCR from complementary DNA (cDNA) isolated from mouse and human NK cells. The sequence encoding the Fc portion of human immunoglobulin G1 (IgG1) containing a single substitution (N297Q) was amplified by PCR from cDNA from a designed construction vector. The N297Q mutation prevents the binding of Fc to Fc receptors. For CFP-HIS fusion proteins, the sequences encoding mouse (accession no. P11680; amino acid 24D-464L) and human (accession no. P27918; amino acid 28D-469L) CFP were amplified by PCR from cDNA isolated from mouse splenocytes and human peripheral blood mononuclear cells, respectively. The HIS tag sequence was inserted directly into the reverse primers. PCR-generated fragments were inserted into a mammalian expression vector. Sequencing of the constructs revealed that the cDNAs of all immunoglobulin fusion proteins were in frame with the human Fc genomic DNA and identical to the reported sequences. Similar results were obtained for recombinant HIS-tagged CFP proteins. Chinese hamster ovary (CHO) cells were then stably nucleofected, according to the kit manufacturer's instructions (Amaxa SF Cell Line 4D-Nucleofector X Kit S, Lonza), with the vectors containing the MoNKp46-Fc, HuNKp46-Fc, NKp30-Fc, MoCFP-HIS, or HuCFP-HIS cDNAs. Bulk CHO cells were then subcloned. Each selected subclone was cultured in serumfree CD CHO complete medium (Gibco) for 8 days, and supernatants were collected. NCR-Fc proteins were purified with Protein A Sepharose Fast Flow (GE Healthcare Life Sciences), and HIStagged CFP proteins were purified on Ni-NTA agarose (Qiagen). Proteins were then separated by size exclusion chromatography on a Superdex 200 Increase 10/300 GL column coupled to an ultraviolet (UV) detector (Akta Pure 3, GE Healthcare). All these tools were generated at Innate Pharma. Quality controls are presented in figs. S1 and S2.
Generation of mAbs against B12 cells
Briefly, plasmocytes from rats immunized with 15 × 10 6 B12 cells (provided by S. Jonjic) were fused with myeloma X63 by standard methods at the mAb platform of the Centre d'Immunologie de Marseille-Luminy (CIML). After standard selection on aminopterin for 15 days, hybridomas were screened by fluorescence-activated cell sorting (FACS) for the positive surface staining of B12 cells and the negative staining of DO11.10 cells. We investigated the ability of nine selected hybridomas to inhibit HuDOMsp46 activation in coculture with B12 cells. Specific inhibition was observed only for the 27A1.7 mAb.
Identification of candidate NKp46 ligands
Lysates from 5 × 10 8 B12 cells and control serum were subjected to immunoprecipitation with the 27A1.7 mAb or rat IgG2b. The column was washed twice with HBS-EP buffer [10 mM Hepes (pH 7.4), 150 mM NaCl, 3 mM EDTA, and 0.005% Tween 20] , and the immunoprecipitates were eluted in 10 mM NaOH and 500 mM NaCl. The various fractions were subjected to SDS-polyacrylamide gel electrophoresis, and the gels were stained with Imperial Protein Stain. The bands were excised and further analyzed by the CIML Proteomics Platform. Proteins were reduced by incubation with 100 mM dithiothreitol for 45 min at 56°C, and free cysteine residues were capped by incubation with 100 mM iodoacetamide for 30 hours at 25°C in the dark. Samples were digested with porcine trypsin (V5111, Promega) at a concentration of 12.5 ng/l in 25 mM NH 4 HCO 3 for 18 hours at 37°C. Peptides were extracted from the gel with 60% (v/v) acetonitrile in 5% formic acid, dried under vacuum, and reconstituted in 5 l of 50% (v/v) acetonitrile in 0.3% trifluoroacetic acid. Mass spectrometric analyses were performed on a MALDI-TOF/TOF Bruker Ultraflex III spectrometer (Bruker Daltonics, Wissembourg, France) under the control of the flexControl 3.0 package (Build 51). This instrument was used at a maximum accelerating potential of 25 kV and was operated in reflectron mode and a mass/charge ratio range from 600 to 3700 (RP Proteomics_2015 method). The laser frequency was fixed at 200 Hz, and about 500 shots were accumulated per sample. Five external standards (Peptide Calibration Standard, Bruker Daltonics) were used to calibrate each spectrum to a mass accuracy within 50 ppm. Peaks were selected with flexAnalysis 3.0 software (Bruker) using an appropriate analysis method. The following parameters were used: SNAP peak detection algorithm, S/N threshold fixed to 6, and a quality factor threshold of 30. We mixed 1 l of sample with 1 l of a saturated -cyano-4-hydroxycinnamic acid solution in acetonitrile/0.3% trifluoroacetic acid (1:1). We spotted 1 l of this mixture onto the target, which was then allowed to dry before analysis by the previously described RP Proteomics_2015 method.
SPR experiments SPR measurements were performed on a Biacore T100 apparatus (Biacore GE Healthcare) at 25°C. In all Biacore experiments, HBS-EP+ (Biacore GE Healthcare) was used as the running buffer, and 10 mM NaOH and 500 mM NaCl were used as the regeneration buffer. Sensorgrams were analyzed with Biacore T100 Evaluation software. We used JAM1-Fc (R&D Systems) human HIS-tagged CFP or CFP purified from serum (TECOmedical-Quidel), as indicated. The recombinant human NKp46-Fc, mouse NKp46-Fc, and human NKp30-Fc proteins were immobilized covalently to carboxyl groups at the surface of C1 Sensor Chips (GE Healthcare). The chip surface was activated with 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC)/N-hydroxysuccinimide (NHS) (Biacore GE Healthcare). Recombinant proteins were diluted to 10 g/ml in coupling buffer (10 mM acetate, pH 5.2) and injected until the appropriate level of immobilization was achieved (i.e., 700 to 900 response units). The remaining activated groups were deactivated with 100 mM ethanolamine (pH 8) (Biacore GE Healthcare). Binding studies were performed with the classical kinetic wizard (as recommended by the manufacturer). Serial dilutions of soluble analytes (recombinant CFP), ranging from 9 to 600 nM, were injected over the NKp46-Fc-immobilized proteins and allowed to dissociate for 10 min before regeneration. In all experiments, EDC/NHS-activated and ethanolamine-deactivated flow cell 1 served as the reference for blank subtraction.
Cfp and F11r (JAM1) CRISPR editing in B12 cells
We constructed CRISPR plasmids by inserting specially designed guide RNA (gRNA) oligomers into pSpCas9(BB)-2A-GFP plasmids (PX458; a gift from F. Zhang), according to the Zhang laboratory protocol (Addgene plasmid 48138). The following primers were used to construct the gRNA: gRNA Cfp72fwd, caccGTGGCCTCT-GTCAGGCATGC; gRNA Cfp72rev, aaacGCATGCCTGACAGAG-GCCAC (targeting exon 2 of the Cfp gene, chromosome X); gRNA F11r5fwd, caccGTTGGTACAAGGCAAGGGTT; and gRNA F11r-5rev, aaacAACCCTTGCCTTGTACCAAC (targeting exon 2 of the F11r gene coding JAM1, chromosome 1). All the oligomers used for this study were synthesized by Sigma-Aldrich. The indicated primer sequences were designed with the e-CRISPR design tool (www.e-crisp. org/E-CRISP/designcrispr.html). B12 cells were used to seed sixwell plates at a density of 2 × 10 5 cells per well. The plates were incubated overnight, and 1 × 10 6 cells were transfected with 2 g of PX458-Cfp for nucleofection (NIH/3T3 Cell Line Nucleofector Kit R, program U-030, Lonza) according to the manufacturer's protocol. Two days after transfection, green fluorescent protein (GFP)-positive B12 cells were sorted and cloned with a FACSAria IIIu sorter. The JAM1 mutant clones were screened by expression of JAMA/ CD321 (clone H202-106, AbD Serotec) by flow cytometry. For CFPknockout screening, genomic DNA for the clones was isolated from cells with the DNeasy Blood and Tissue Kit (Qiagen), according to the manufacturer's protocol, and used for PCR analysis. For the detection of genomic deletions, genomic DNA was subjected to PCR analysis with the Taq Platinum High-Fidelity DNA Polymerase (Life Technologies) and appropriate primers. PCR products were purified on a Wizard SV Gel with the PCR Clean-Up System (Promega) and were sequenced, with the appropriate primers, by Eurofins Genomics. CFP protein knockdown was confirmed by inserting the WT cDNA and mutant cDNA in frame with a C-terminal M2 TAG in a eukaryote expression vector. This construct was used to transfect 293T Expi cells, and the cell supernatant and cell lysate were then subjected to Western blotting with an anti-M2-HRP mAb (ab49763, Abcam).
Isolation of CFP oligomers
Pure, frozen recombinant HuCFP-HIS was thawed, and the monomeric, dimeric, trimeric, and tetrameric forms were separated by gel filtration. Briefly, 500 g of CFP was separated by size exclusion chromatography on a Superdex 200 Increase 10/300 GL column coupled to a UV detector (Akta Pure 3, GE Healthcare). The thawed CFP sample in phosphate-buffered saline (PBS) was loaded onto the column and eluted at a flow rate of 0.75 ml/min.
Flow cytometry measurement of the binding of HIS-tagged CFP to NKp46-Fc
We coupled 10-m sulfate latex beads (Invitrogen) to protein A-A488 (Molecular Probes) by incubating these two elements together in PBS containing Ca 2+ Mg 2+ for 2 hours. The beads were thoroughly washed and incubated with 2% bovine serum albumin (BSA) in PBS for 1 hour. They were then incubated overnight with NCR-Fc (20 g/ml) in 2% BSA in PBS. The beads were thoroughly washed, and NCR-Fc was covalently coupled to protein A by incubation with microbial transglutaminase (6 U/ml; Zedira) for 1 hour at 37°C, as previously described (49) . Beads were then washed and incubated with the indicated amounts of HIS-tagged CFP protein in veronal buffer (Lonza) and 0.06 M NaCl (pH 7.5) at 37°C for 1 hour in 96-well V-bottomed plates. Where indicated, antiHuNKp46 mAb (BAB281) or isotype control was added. The beads were washed and treated with 1% paraformaldehyde for 15 min. They were then incubated with biotinylated anti-HIS Tag mAb (5 g/ml; clone AD1.1.10, R&D Systems) for 30 min at 37°C. The beads were washed, and CFP-HIS/NCR-Fc-coupled beads were detected with a streptavidin-allophycocyanin (APC) (BioLegend). Samples were run on a Canto II cytometry analyzer (BD Biosciences). HIS-tagged CFP was bound directly to beads using anti-mouse beads that were first incubated with a mouse anti-HIS antibody (AD1.1.10) and then with HIS-tagged CFP proteins. Binding was detected with an anti-CFP antibody (fluorescein isothiocyanate, LSBio).
CFP binding to NKp46
+ cells We incubated HIS-tagged CFP proteins (10 g/ml) with biotinylated anti-HIS Tag mAb (5 g/ml; clone AD1.1.10, R&D Systems) in PBS for 30 min at room temperature. We used 50 l per sample to stain the following cells: HuDOMsp46, MoDOMsp46, DOMsp30, KHYG1, and KHYG1 Cl3C4 NKp46 high cells (Innate Pharma). Cells were incubated for 1 hour at 37°C, washed, and fixed by incubation for 15 min with 1% paraformaldehyde. CFP binding was detected with streptavidin-APC (BioLegend), and NKp46 was detected with anti-NKp46 mAbs (anti-mouse 29A1.7 from eBioscience; anti-human 9E2 from BioLegend). For HIS-tagged CFP binding to primary cells, human IL-2-activated bulk NK and a preparation enriched in mouse NK cells with the NK Cell Isolation Kit II (Miltenyi Biotec) were incubated with precomplexed CFP-HIS/ anti-HIS mAb, as described above. Cells were fixed and stained with antibodies against CD56 (V450, BD Biosciences), NKp46 (PE, Beckman Coulter), and CD3 (AmCyan, BD Biosciences) and a dead cell marker (Life Technologies) for human cells. Samples were run on a Canto II cytometry analyzer (BD Biosciences). Cells of interest were gated as live cells (cell lines) or live CD56 + CD3 − , as indicated in the figure. CFP stimulation of mouse NK cells A mouse cell preparation was enriched in NK cells with the NK Cell Isolation Kit II (Miltenyi Biotec) and used directly (resting cells) or cultured with 5000 U of IL-2 (Proleukin, Chiron) for 5 days. Immulon 2HB plates were coated with anti-HIS mAb (AD1.1.10, R&D Systems) or with antibodies against NKp46 (29A1.7, BioLegend) or NKG2D (CX5, eBioscience). When cells were stimulated with HIS-tagged CFP, the plates were coated with anti-HIS mAb at 25 g/ml and were washed, and the HIS-tagged CFP was then added at a concentration of 100 g/ml. When indicated, we added IL-12 (2 ng/ml; eBioscience) and IL-18 (5 ng/ml; MBL) or YAC-1 tumor cells (E:T ratio, 1:1). When cells were costimulated with anti-NKp46 or anti-NKG2D antibodies, the plates were coated with mAbs at a concentration of 10 g/ml. Cells were incubated for 4 hours in the presence of monensin and brefeldin, surface-stained, and then processed for the detection of intracellular IFN-. When indicated ( fig. S7C ), enriched NK cell preparations were incubated overnight with IL-15 (15 ng/ml; PeproTech), with or without soluble HIS-tagged MoCFP (100 g/ml). Cells in Immulon 2HB plates were then stimulated with IL-12 (2 ng/ml) and IL-18 (5 ng/ml) and coated with anti-NK1.1 antibody (1 g/ml; eBioscience), anti-Ly49D antibody (3 g/ml; 4E5, BD Pharmingen), or anti-NKG2D antibody (5 g/ml). Cells were then incubated for 4 hours in the presence of monensin and brefeldin, surface-stained, and processed for intracellular IFN- detection. Gating strategy: live NK1.1 + CD3 − NK cells.
RNA sequencing and analysis
A mouse cell preparation was enriched in NK cells with the NK Cell Isolation Kit II (Miltenyi Biotec) and FACS-sorted. Immulon 2HB plates were coated with anti-HIS mAb (AD1.1.10, R&D Systems) or with antibodies against NKp46 (29A1.7, BioLegend) or isotype control rat IgG2a (BioLegend). When cells were stimulated with HIStagged CFP, the plates were coated with anti-HIS mAb at 25 g/ml and were washed, and the HIS-tagged CFP was then added at a concentration of 100 g/ml. Pure NK cells (500,000) were added per well, and cells were incubated for 4 hours in the presence of monensin and brefeldin. Cells were lysed in RLT buffer (Qiagen). HalioDx (Marseille, France) processed the samples and performed the RNA sequencing on a NextSeq 500. Bioinformatics was performed by the CIML platform.
Mice, experimental infection, and assessment Ncr1 iCre/+ R26 lslDTA/+ mice, NCR1 GFP/GFP mice (provided by O. Mandelboim), and control littermates were bred and maintained under specific pathogen-free conditions at the Centre d'Immunophénomique (Ciphe), Marseilles. C57BL/6 mice were purchased from Janvier Labs. One male LOU/c rat (Harlan) was used to generate mAbs against B12 cells. Infection experiments were conducted at the Pasteur Institute and at the Ciphe. We used 6-to 12-weekold male and female mice for the experiments. Mice were maintained under specific pathogen-free conditions, and all experiments were performed in accordance with the rules laid down by institutional committees and French and European guidelines for animal care. Experimental meningococcal infections were induced by the intraperitoneal injection of N. meningitidis MC58, with 2.5 mg of human transferrin per mouse as a source of iron (Sigma-Aldrich). When genetically modified animals were used, litters were studied as controls, as indicated. Anti-NK1.1 mAb treatment (100 g per mouse; PK136, BioXCell) was administered intraperitoneally 1 day before Nm infection. Anti-aGM1 mAb treatment (50 g per mouse; BioLegend) was administered intraperitoneally 2 days before Nm infection. Survival was scored. Bacterial load in the blood was also evaluated by plating serial dilutions on GCB medium (Difco) supplemented with Kellogg's supplements and VCF (Bio-Rad), and the results are expressed as the number of colony-forming units (CFU) per milliliter. For CFP treatment, 100 g of endotoxin-free HIS-tagged MoCFP was administered 6 hours before infection (35) . No blinding or randomization was performed. 
Nm opsonization
Statistical analyses
Details of statistical analysis for each experiment are given in the relevant figure legend and in raw data table. Normality and variance were verified. t tests, Mann-Whitney tests, and one-and two-way ANOVAs were performed using Prism 7 (GraphPad Software). Kaplan-Meier curves were used to analyze mouse survival. Significance was calculated as Nm dose stratified with the help of a CIML statistician. Statistical significance was assumed if the P value was <0.05 for a tested difference. P values are indicated in the figures.
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